High field study of normal state magneto-transport in Tl 2 Ba 2 CuO 
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We present a study of in-plane normal state magneto-transport in single crystal Tl2Ba2Cu06+5 in 
60T pulsed magnetic fields. In optimally doped samples (T c ~ SOK) the weak-magnetic-field regime 
extends to fields as high as 60T, but in overdoped samples (T c ~ 30K) we are able to leave the weak 
field regime, as shown by the behavior of both the magnetoresistance and the Hall resistance. Data 
from samples of both dopings provide constraints on the class of model necessary to describe normal 
state transport in the cuprates. 

PACS numbers: 72.f5.Gd, 74.72. Fq, 72.fO.Bg 



Measurements of the electrical transport properties of 
the high-T c cuprate superconductors have proved to be 
one of the most useful ways of probing their anomalous 
normal state properties. Studies of the Hall effect in 
YBa2Cu307_5 |lj show that near optimum doping, the 
resistivity (/?) has an approximately linear temperature 
dependence, while the inverse Hall angle (cotOn) varies 
nearly quadratically with temperature. Systematic mea- 
surements of these properties have been made in many 
cuprate materials, as a function of disorder and carrier 
concentration. Although some exceptions have been re- 
ported, the experimental picture which has emerged is 
that cot Oh continues to vary approximately quadrati- 
cally in temperature even when p changes its temperature 
dependence from linear on underdoping or overdoping. 

Most attempts to understand this intriguing behavior 
fall into two broad classes. In the first (the "two-lifetime" 
models), the experimental observations are taken to in- 
dicate the existence of two separate and essentially de- 
coupled scattering times governing longitudinal transport 
and Hall transport, often referred to as t± t and th respec- 
tively J^H- These two intrinsic lifetimes are assumed to 
co-exist at all points on the Fermi surface (FS). Theo- 
ries constructed from this starting point are intrinsically 
non-Fermi liquid in nature. The more conventional class 
of models (the "anisotropic" models) exploits the four- 
fold anisotropy of the cuprate Fermi surfaces and postu- 
lates the existence of an anisotropic scattering rate whose 
magnitude and temperature dependence is different on 
different parts of the FS @-|]. 

To date, almost all normal state magnetotransport 
studies on the cuprates have been performed in mag- 
netic fields of less than 20T, in the weak-field regime 
(lu c t <C 1, where to c is the cyclotron frequency and r _1 
is the scattering rate). In this regime, the magnetoresis- 
tance is parabolic in B , and the Hall voltage is lin- 
ear in B. Recently, Harris et al. pointed out that the 



magnitude of the weak-field ( "WF" ) orbital normal state 
MR (Ap/p WF ) is proportional to the variation of the lo- 
cal Hall angle around the Fermi surface. Observations 
on YBa2Cu307_,5 and optimally doped La2- x Sr x Cu04 
have shown that the temperature dependence of the MR 
agrees with that of the square of the Hall angle, favoring 
two-lifetime models for which th exists at all points on 
the FS §. 

Here, we report magnetotransport results on single 
crystals of Tl2Ba2CuOg+5 in 60T pulsed magnetic fields. 
In samples near optimum doping (T c ~ 80K), the weak- 
field regime is seen to extend to nearly 60T, and we 
see behavior similar to that observed in YBa2Cu307_,5 
and optimally doped La2_ x Sr x Cu04. In strongly over- 
doped samples (T c ~ 30^), however, we are able to ob- 
serve significant deviations from the weak field forms of 
Pxx(B) and p xy (B). We find that the high field magneto- 
transport provides an independent way of estimating an 
important parameter, lo c t, and thus provides additional 
constraints to the existing transport models. Analysis of 
our data favors the general class of two-lifetime models 
to describe normal state transport in the cuprates. 

Tetragonal single crystals of Tl 2 Ba 2 Cu06+5 were 
grown using a Cu-rich flux. With Tl 2 Ba2Cu06+5, degra- 
dation of the surface quality on annealing is a persis- 
tent problem, leading to poor quality electrical contacts 
for the transport measurements. In our experience, the 
best way of making contacts to samples with elevated 
T c is to evaporate gold contact pads onto the as-grown 
sample. The desired T c values were then achieved by 
annealing using various combinations of annealing tem- 
perature, atmosphere and time. The anneal also diffuses 
the gold into the sample, providing a low-resistance con- 
tact to which gold wires are attached using a silver paint 
(Dupont 4929) which hardens in air at room temperature. 
Care was taken when evaporating the gold to ensure that 
it covered the sides of the sample. The resistivity for op- 
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FIG. 1. The resistivity in zero magnetic field of optimally 
doped (T c ~ 80K) and overdoped (T c ~ 30K) single crystals 
of Tl2Ba2CuOe+i • The inset shows a comparison of magne- 
toresistance (MR) measurements in d.c. (circles) and pulsed 
(solid line) magnetic fields at T ~ 115K for an overdoped 
sample. The MR in this range can be well fitted with a 
quadratic field dependence (dashed line). The pulsed field 
MR data were multiplied by a factor of 1.015 to correct for a 
small difference in the temperature at which the pulsed and 
d.c. measurements were made. 

timal (T c ~ 80K) and overdoped (T c ~ 30A) samples is 
shown in Fig. [|. 

A resistive d.c. magnet in Grenoble was used for MR 
measurements in fields up to 20 tesla, using a standard 
four terminal a.c. technique with a 32 Hz excitation 
frequency. Temperature stability of 1 part in 10 4 was 
achieved using a capacitance sensor which is insensitive 
to field. The temperature was measured in zero field 
before and after each sweep, to check for possible tem- 
perature drift. The longitudinal MR was also measured 
at several temperatures and found to be at most 5% of 
the total MR. The total measured transverse MR is thus 
dominated by the orbital MR for all of the data in the 
figures. 

Precise measurement of normal state magnetotrans- 
port in a pulsed field presented a considerable challenge, 
due to the higher noise levels and the relatively low resis- 
tances of the Tl2Ba2Cu06+5 crystals (as little as 10mf2 
below 50 A). After some experimentation, voltage sen- 
sitivity of better than 1 pV could be achieved at exci- 
tation currents of 5- 10mA. The temperature was stabi- 
lized and measured in zero field. Comparison of up- and 
down-sweeps was used to check for eddy current heating, 
which was largely avoided due to the very small sample 
sizes (typically 300 x 100 x 15pm 3 ). Also, all the data 
shown in this paper are at sufficiently high temperatures 
that the MR is dominated by normal state orbital con- 
tributions rather than superconducting fluctuations. 

Given the difficulty of using a pulsed field to measure 
small MR effects in low resistance samples, we first es- 
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FIG. 2. The MR of an optimally doped crystal of 
Tl2Ba2CuOe+i (T c ~ 80K) at a series of temperatures be- 
tween 130K and 280K. Data at different temperatures have 
been offset for ease of viewing. The dashed lines are parabolic 
fits to the data. 

tablished, using four different samples, that the results 
using d.c. and pulsed techniques are consistent. As an 
example, in the inset to Fig. [j] we show the resistivity 
at 115AT of one of the overdoped samples measured as a 
function of magnetic field up to 20T in the resistive d.c. 
field (circles) . The data measured in the pulsed magnetic 
field at Bell Labs (solid line) overlays the d.c. field data 
very well. 

Fig. [2] contains pulsed field MR data from a sample 
near optimal doping (T c ~ 80 AT). For this sample, the 
MR is small (only 3% at 60T and 130A) and the field 
dependence is basically quadratic for T > 130A (dashed 
line in the figure) over the whole field range. This is good 
evidence that the weak field regime is applicable in fields 
as high as 60T in optimally doped Tl2Ba2Cu06+^. 

Since a single isotropic band has zero MR, the 
parabolic MR in Fig. might result from anisotropy, 
whether the scattering rate varies around the FS (||| 
or the "local cyclotron effective mass" m* (proportional 
to l/vp) varies due to the local geometry of the FS [Q. 
Interestingly, it is also possible to construct two-lifetime 
models in which neither r nor m* are anisotropic, yet 
there is a non-zero MR. In one such model B, fast and 
slow relaxation rates exist at all k points. In terms of the 
MR, this is roughly analogous to a two fluid picture, and 
a quadratic weak-field MR results even for a parabolic 
band. Thus, the model-specific part of the data in Fig. ^ 
is not the parabolicity, Ap/p WF = aB 2 , rather it is the 
interpretation of the prefactor a in terms of the lifetimes 
(or masses). 

At optimal doping, the Hall effect in Tl2Ba2Cu06+a 
gives a very clear example of two-lifetime behavior, with 
p and cot 9h following linear and quadratic temperature 
dependences to an accuracy that poses a challenge to any 
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FIG. 3. The MR of an overdoped crystal of Tl 2 Ba 2 Cu0 6+ i 
(T c ~ 30K) at a series of temperatures between 40K and 
150K. The fits (solid lines) are produced by a general expres- 
sion for orbital MR beyond the weak field limit (Eq. |l|). The 
inset shows the same data fitted to Eq. ^ with io c T tr fixed by 
the resistivity data of Fig. |l|. 

theory of the cuprate normal state pi[ . Harris et al. |7]] 
have shown that in YBa2Cu30y_5 and La2- x Sr x CuC>4 
near optimal doping, the weak field MR obeys a special 
form of Kohler's rule in which (cot Qh) 2 Apf p scale at dif- 
ferent temperatures, while the traditional Kohler scaling 
plS.p/ B 2 is violated. This is also the case for the MR data 
from the optimally doped T^E^CuOg+a of Fig. ^. As 
discussed in Rcf. |7j and above, this observation favors 
two-lifetime models in which lifetimes with two different 
temperature dependences exist at all points of the FS. 

Because the 60T magnetic field reveals a strictly 
parabolic MR in the optimally doped sample, we turn 
our attention to overdoped samples with lower resistivity 
to better reach the high magnetic field regime. The MR 
of the overdoped samples is much larger, and deviates sig- 
nificantly from a quadratic field dependence at high fields 
and low temperatures. Going beyond the weak field limit 
in any of the models discussed above leads to a modified 
general expression of the form 
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where /3 is a second constant, principally related to the 
overall scale of oj c t. This expression accounts for the 
data in Fig. |^ quite well, as shown by the curve fits, 
so our observations are consistent with the onset of MR 
saturation as we leave the weak field regime [jl2| . 

To determine whether the high field MR can con- 
strain which general class of models is applicable to the 
cuprates, we examine the physical origin of weak- and 
strong-field MR in more detail. As discussed above, in 
conventional models, the weak field MR is a measure of 
anisotropy around the FS, although its magnitude is not 
easy to interpret. However, the onset of saturation is 



much easier to interpret, because it arises once the quasi- 
particles orbit a significant fraction of the Fermi surface 
between scattering events. Thus (3 ~ e(m* /r) _1 , where 
r is the scattering lifetime and () denotes a FS average. 
The product (3B gives the value of oj c t determined from 
the high field MR. 

The different classes of model for the cuprate normal 
state make very different predictions for the relationship 
between this high field value of uj c t and those that can be 
estimated from the resistivity and weak field Hall effect. 
If the Hall effect and resistivity are to be understood in 
terms of an anisotropic model Q-|6| , the fast and slow re- 
laxation rates which lead to Tt r and th exist on different 
parts of the FS When uj c T tr is estimated from p and 
lu c th is estimated from 8h, we find that lu c th > u c T tr 
for all temperatures below room temperature. Since high 
field MR saturation would be expected to be dominated 
by those regions with the highest scattering rate, the 
value of oj c t estimated from the high field MR would 
be expected to be close to uj c T tr (and not to ui c th)- Wc 
shall show that this is apparently not the case for our 
data. 

The opposite conclusion, that the high field MR is de- 
termined by ll> c th, is reached for two- lifetime models, 
two of which we shall consider here. In the picture dis- 
cussed in Refs. [Q,|| and 0, th governs all responses to 
a magnetic field. Since th is constant around the FS in 
this model, some vf anisotropy is necessary for the ap- 
pearance of a non-zero MR. Models of the FS of most 
cuprates show that vf is smallest in the regions of high- 
est FS curvature, so the high field MR would be expected 
to give lo c t with the temperature dependence of th and a 
magnitude which is determined primarily by the curved 
parts of the FS. Since a weak field measurement of the 
Hall angle contains an even stronger weighting to areas 
of large FS curvature juj , the value of uj c t obtained from 
high-field measurements would be expected to be similar 
to that determined from weak field Hall measurements 
at all temperatures. 

In the formulation of a two- lifetime model described in 
Ref. H , a simple analytical expression can be derived for 
the MR in terms of the quantities io c T tr and u> c th, if FS 
anisotropy is neglected: 
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In both two- lifetime models, then, high- field satura- 
tion is expected to probe uj c th- Our data support this 
expectation. The value of j3 fitted from the data at AOK 
where the saturation is largest corresponds to lo c t of 0.9 
at 60T. At that temperature the weak field Hall angle 
per tesla is 0.01 T _1 giving an estimated value for lj c th 
of 0.6 at 60T. The measured p can be used to estimate 
UJcTtr for a large FS (corresponding to kp ~ 0.7A -1 fll5|) 
using the expression oj c T tr — 2TrdB/ek F p, where d is the 



3 



4.0 10" 
0.0 10' 





i i i i 






o 

VO 


















3 0.1 






30 100 

Temperature (K) * 






i i i i 



U L£^ I I I I I I 

10 20 30 40 50 60 
Magnetic Field (tesla) 



FIG. 4. The Hall resistivity p xy for the T c ~ 307^ crystal 
at 50K and 150K. The fits (solid lines) to Eq. | were made 
with both uicTtr and uj c th fixed by the fits to the MR data in 
Fig. |^. The inset shows the value of lo c th obtained using this 
procedure (squares joined by solid line) compared with mea- 
surements of lOcJh from the weak-field Hall angle (triangles) 
and uj c Ttr from the resistivity (circles). 



regime for the overdoped sample does favor some kind of 
two-lifetime model for the cuprate normal state. It would 
be very interesting to analyze high field MR saturation in 
cuprates at optimal doping, where separate temperature 
dependences of the two scattering times are observed; 
however, this would require much higher magnetic fields 
than are currently available. 

In summary, we have succeeded in studying normal 
state magnetotransport of single crystal T^B^CuOe+a 
in 60T pulsed magnetic fields to obtain new constraints 
on the scattering mechanisms in the cuprates. In op- 
timally doped samples, the weak-magnetic-field regime 
reaches to fields as high as 60T. In overdoped samples, 
we leave the weak-field regime, as shown by the behav- 
ior of both the MR and the Hall resistance. Analysis 
of the MR and Hall effect for both the optimally doped 
and overdoped samples gives evidence in support of those 
models for the normal state of the cuprates in which two 
scattering lifetimes exist at all points on the Fermi sur- 
face. 



interplane spacing of 11. 6A. At 60T, u c T tr is only 0.3, so 
the MR value for lo c t derived from high fields certainly 
seems to be in better agreement with lo c th- 

In the model of Ref. ||, it is also possible to derive an 
analytical expression for the Hall resistivity 
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where n is the carrier concentration. If we neglect the 
mild vp anisotropy round the FS that probably exists, 
we can reduce Eq. ^| to a single parameter fit for u> c th by 
estimating aj c T tr at each temperature from the resistivity 
data of Fig. [l]. The resulting fits are shown in the inset of 
Fig. [| Using these values for lo c th, fits using Eq. |^ are 
reduced to a single free parameter: an overall scale factor 
related to n. The p xy data of Fig. ^ are fitted using Eq. || 
with both uj c T tr and u> c th fixed. The constrained fits to 
the MR data are poorer than those in the main panel of 
Fig. U (possibly because of our neglect of the anisotropy), 
but the fits to p xy are very good. 

In the inset to Fig. [|, we show the fitted values of 
WcT~h (solid line), along with the values of io c T tr (circles) 
that were used to constrain the fits. Also included are 
the values of lu c th (triangles) obtained from the weak 
field Hall angle. Again, we find that the scattering time 
determined from the high field MR agrees better with the 
th determined from the weak field Hall angle than with 
the Ttr determined from the resistivity. 

Given the approximations used, we do not claim to fa- 
vor the particular two-lifetime model of Eqs. ^ and ^. 
Rather, the combination of data from the weak field 
regime in the optimally doped sample and the high field 
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